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It has been recently claimed that radio observations of nearby spiral galaxies essentially rule out a dark 
matter source for the galactic haze [1]. Here we consider the low energy thermal emission from a quark 
nugget dark matter model in the context of microwave emission from the galactic centre and radio 
observations of nearby Milky Way like galaxies. We demonstrate that observed emission levels do not 
strongly constrain this speciﬁc dark matter candidate across a broad range of the allowed parameter 
space in drastic contrast with conventional dark matter models based on the WIMP paradigm.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The galactic microwave ‘haze’ was ﬁrst detected in the WMAP 
data [2] and was subsequently conﬁrmed by Planck [3]. This haze 
is characterized as diffuse continuum emission, centred on the 
galactic centre and with a harder spectrum than typical for galac-
tic synchrotron emission. The origin of this diffuse emission is not 
yet ﬁrmly established.
The main motivation for the present work is the claim [1] that 
radio observations of nearby spiral galaxies essentially rule out a 
dark matter source for the galactic haze. This claim is based on 
the assumption that if the haze is produced by dark matter an-
nihilation or decay, this emission must continue with a similar 
spectral index down to radio frequencies. If this is the case then 
similar diffuse radio halos should exist around other galaxies pro-
vided they have a similar distribution of matter and dark matter. It 
is important that all conventional dark matter models based on the 
weakly interacting massive particle (WIMP) paradigm do indeed 
predict a synchrotron spectrum which continues from microwave 
frequencies with ν ≥ 22 GHz to radio frequencies with ν ≤ 1 GHz. 
Therefore, the assumptions of [1] on the continuity of the spec-
trum are well justiﬁed for WIMP based models.
Here we study the same question of radio emission from spiral 
galaxies but in a drastically different model, one in which the dark 
matter is represented by macroscopically large nuggets of standard 
model quarks, similar to the Witten’s strangelets [4], see section 3
and references therein for a short overview of this model. In this 
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SCOAP3.model the haze signal is generated by the thermal emission from a 
population of macroscopically large nuggets which may constitute 
the galactic dark matter. While this thermal spectrum is simi-
lar to the observed haze spectrum across the microwave band it 
falls rapidly at lower frequencies due to many body effects, as we 
shall argue below. Consequently, the constraints imposed by radio 
band emission from nearby galaxies are considerably weaker than 
in the case of conventional WIMP type (decaying or annihilating) 
dark matter models. This claim represents the main result of the 
present work.
In section 2 we introduce the properties of the galactic haze 
relevant to our analysis. A brief overview of the quark nugget 
dark matter model is provided in section 3. With these basics in 
place we lay out the process by which the nuggets may give rise 
to a component of the observed haze emission in section 4 and 
compare the predicted spectrum to radio band observations in sec-
tion 5. Our conclusions are presented in section 6.
2. The galactic haze
Initial observations of the haze indicated that it should be con-
sidered a unique component of the galactic spectrum with a spec-
tral index softer than that of free–free emission and harder than 
that expected for galactic synchrotron. Current estimates based on 
Planck data give a spectral index of βH = −2.55 ± 0.05 such that 
Tν ∼ νβH [3]. In addition to the differing spectral index a free–free 
emission interpretation of the haze is disfavoured by the lack of 
correlated Hα emission. Morphologically the haze is found to be 
centred on the galactic centre extending over galactic longitudes 
|l| < 15o and galactic latitudes |b| < 35o with an approximately 1/r
fall off in intensity across that range. under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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that the haze is generated by the injection of a population of high 
energy electrons strongly correlated with the galactic centre [5–7]. 
However, the source of such a population of relativistic particles 
remains unknown. A variety of sources have been suggested, but 
they seem to have diﬃculty describing all aspects of the observed 
emission. In particular the combination of a sharp edge at large 
latitudes and strong intensity at low latitudes is diﬃcult to repro-
duce [8]. The sharp edges of the bubbles are a noted feature in 
both the microwave and γ -ray morphology and strongly favour a 
transient high energy event associated with astrophysical processes 
in the galactic centre. Conversely, the absence of limb darkening at 
low latitudes favours a process involving the continuous injection 
of the required population of high energy particles. It has been 
suggested that dark matter annihilations or decays may be respon-
sible for injecting these particles. However, this interpretation is 
disfavoured by the sharp bubble edges at large latitudes which do 
not naturally appear in cosmic ray propagation models involving a 
continuous injection of particles.
The diﬃculty in reproducing the morphology of the haze with 
either a transient event in the galactic centre or dark matter emis-
sion has also lead to the consideration of hybrid models in which 
only a fraction of the haze intensity is provided by dark matter. 
The analysis of [9] found that the ﬁt to observations is substantially 
improved if the Fermi bubble correlated emission is supported by 
an additional dark matter contribution at the ≈ 20% level. How-
ever, without a well established mechanism for the generation of 
the Fermi bubbles and associated microwave emission any compo-
nent separation remains largely speculative.
If the haze is supported by dark matter annihilations or decays 
then one should expect similar emission associated with the dark 
matter halos of nearby galaxies. Conversely, if the haze is the re-
sult of a transient event in the galactic centre there is no reason 
to expect to detect haze like emission from other galaxies. As haze 
emission generated by relativistic particles injected into the galac-
tic centre must be continuous between the microwave and radio 
bands radio observations of nearby galaxies can be used to differ-
entiate between these two models as argued in [1]. An analysis of 
nearby spiral galaxies shows that they underproduce radio band 
haze relative to the milky way disfavouring the conventional dark 
matter interpretation of the haze signal and supporting the idea 
that both the haze and the Fermi bubbles are generated by a re-
cent transient event [1].
With this background in place we will study the same question 
but in a drastically different dark matter model which does con-
tribute to the galactic haze but at the same time is not subject to 
constraints coming from radio band emission, similar to studies of 
Ref. [1].
3. Quark nugget dark matter
In this section we will give a brief overview of the quark nugget 
dark matter model. For further details see the original papers 
[10–12] as well as the recent short review [13].
As mentioned above the quark nuggets are similar to stranglets, 
but with the additional feature that they may be composed of ei-
ther quarks or antiquarks. The original motivation for this model 
was unrelated to explaining any particular galactic emission source 
but rather to the seemingly unrelated process of baryogenesis. In 
the model we advocate “baryogenesis” is actually a charge sepa-
ration process in which the global baryon number of the universe 
remains zero. In this model the unobserved antibaryons come to 
comprise the dark matter in form of dense quark (anti) nuggets. 
As discussed in more detail in [13] a universe with a matter con-tent consisting of baryons, quark nuggets and antiquark nuggets in 
an approximate ratio
Bvisible : Bnuggets : Bantinuggets  1 : 2 : 3, (1)
can explain both the dark matter and baryogenesis while carrying 
no net baryonic charge.
The nuggets consist of light standard model quarks bound in 
a colour superconducting state. The central quark matter is sur-
rounded by a layer of leptons known as the ‘electrosphere’ which 
ensures overall electrical neutrality. The low energy thermal emis-
sions that are the primary concern of this work are produced in 
the outer layer of the electrosphere, known as the “Boltzmann” 
regime, where the positron density has dropped suﬃciently to be-
come transparent to low energy photons.
Physically the nuggets will be macroscopically large with a 
combination of theoretical and observational constraints suggest-
ing an average nugget baryon number in the range 1025 < B <
1033. Assuming typical nuclear scale densities this translates to 
an average radius in the range 10−5 cm < RN < 10−3 cm, and to 
a mass in the range from 1 g up to thousands of tons. As ar-
gued in [12] for a suﬃciently large average mass the nuggets will 
avoid the many know constraints on either dark matter or antimat-
ter interactions. The most important physical property in terms of 
scaling the observational consequences of a dark matter model is 
the cross-section to mass ratio. Using standard values for the den-
sity of quark matter we may estimate,
σ
M
≈ 10−10 cm
2
g
(
1025
B
)1/3
. (2)
This geometric factor suﬃciently suppresses the nuggets’ interac-
tions that they may effectively be thought of as “dark”.
While the observable consequences of this model are on aver-
age strongly suppressed the interaction of these objects with the 
visible matter of the galaxy necessarily produces observable ef-
fects. Interactions are obviously most frequent where the densities 
of both visible and dark matter are largest such as the core of the 
galaxy or the early universe. While the nuggets behave as con-
ventional cold dark matter environments where the visible matter 
density is low they become interacting and emitting radiation ob-
jects (i.e. effectively become visible matter) in an environment of 
suﬃciently large density.
There are currently a number of both ground based and astro-
physical observations which impose constraints on allowed quark 
nugget dark matter parameters. These include the non-detection 
of a nugget ﬂux by the IceCube monopole search [21] which limits 
the ﬂux of nuggets to N < 1 km
−2 yr−1. Similar limits are likely 
also obtainable from the results of the Antarctic Impulse Transient 
Antenna (ANITA) [22] and it has been suggested that large scale 
cosmic ray detectors may be capable of improving these limits 
[23].
Analysis of the nugget emission spectrum and its consequences 
in a range of galactic and cosmological environments may provide 
indirect search channels strongly complementary to the direct de-
tection searches outlined above. This type of analysis has been at 
least partially carried out for several important modes of nugget 
emission which may contribute to the galactic spectrum [14–16,
18,19]. In each of these studies nuggets with a mean baryon num-
ber of B ∼ 1024 were found to be consistent with observed diffuse 
emission from the galactic centre. In several instances the inclusion 
of an additional nugget component may actually help to explain 
previously observed features of the galactic spectrum. We will now 
focus speciﬁcally on the thermal emission contribution to the dif-
fuse galactic spectrum.
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We will now use this basic picture of the quark nuggets to ex-
tract some basic observational consequences of this model in the 
radio and microwave bands. The most important source of this 
emission is from the thermal emission by which the energy pro-
duced by the annihilation of visible matter deep within the nugget 
is emitted at low energies from the electrosphere. The properties 
of thermal emission from the electrosphere was originally anal-
ysed in [17,18] based on a mean-ﬁeld approximation. In the low 
density regime relevant to thermal emission the positron density 
scales as,
n(z) = T
2πα
1
(z + z¯)2 , (3)
where z¯ is an integration constant ﬁxed by matching to a full so-
lution given in [18], z measures height within the electrosphere in 
the plane parallel limit and T is the electrosphere temperature. 
The total emission from this region may be calculated by inte-
grating the emissivity generated thermal scattering between the 
positrons resulting in the emission of a low energy photon. The 
result of this integral given in [17] is,
dE
dt dA dω
 1
2
∞∫
0
dz
dQ
dω
(ω, z) ∼
∼ 4
45
T 3α5/2
π
4
√
T
me
(
1+ ω
T
)
e−ω/T h
(ω
T
)
, (4)
such that emission is peaked at frequencies near h¯ω ∼ T and 
displays a weak (logarithmic) dependence on frequency when 
h¯ω << T . While this analysis is fully applicable at the microwave 
frequencies relevant to galactic emission analysed in [17] address-
ing radio band emission will require a more careful treatment of 
the low energy tail of the spectrum.
One may ask how microwave radiation can be emitted from the 
nuggets when the wavelength λ is much larger than the size of the 
nugget λ 	 R . In general this is not a problem—consider the well-
known astrophysical emission of the λ = 21 cm line from hydrogen 
with a size a  10−8 cm. This example shows that important part 
of the question is not the size of the system but rather, the coher-
ence time. The coherence time τ of the positrons which must be 
compared with the formation time ∼ ω−1 of the photons. If the 
coherence time is too short, then multiple scatterings will disrupt 
the formation of the photons. This suppression is a case of the so-
called Landau–Pomeranchuk–Migdal (lpm) effect [24], see also [25]
for an application of the lpm effect in the similar context of dense 
quark stars.
To estimate the coherence time τ for our case, consider the 
cross-section σee of the positron–positron interaction. This scales 
as σee ∼ α2/q2 where q ∼ b−1 is the typical momentum trans-
fer, and may be expressed in terms of the impact parameter b ∼
n−1/3, which is estimated in terms of average interparticle spacing 
where n is the local positron density. The mean-free-path l is thus 
l−1 ∼ σeen ∼ α2n1/3. Therefore, the typical time between collisions 
(which is the same as coherence time) is τ ∼ l/v where v ∼ √T /m
is the typical positron velocity.
Collecting all factors together and using (3) for the density pro-
ﬁle we arrive at the estimate
ωτ ∼ ω
α2n1/3
√
m
T
∼ ω
α2T
(
1+ z
z¯
) 2
3 ≥ 1. (5)
One can check that this condition is satisﬁed for ω ≥ 10−4 eV and 
T ≤ 1 eV even for z = 0. Thus, we were marginally justiﬁed in omitting lpm effect in our estimates (4) in the low-density regime 
(3) for ω ≥ 10−4 eV, which corresponds to the longest wave length 
with ν ≥ 22 GHz in WMAP haze studies. However, from the same 
estimate it is clear that this suppression becomes important for 
smaller frequencies ω  10−4 eV.
We want to explicitly take into account the corresponding sup-
pression for radio waves with ν  20 GHz. One can implement 
this suppression into our formula (4) as follows. First, consider the 
minimal frequency when condition (5) is marginally satisﬁed for 
z ≥ zmin , i.e.
ω
T
= α2
(
z¯
zmin + z¯
) 2
3
, ω0 = α2T . (6)
For suﬃciently large frequencies ω ≥ ω0 the lpm effect is not oper-
ational anywhere in electrosphere even for z = 0. In this case one 
can integrate over entire region 
∫∞
0 dz of the electrosphere. This is 
precisely the procedure leading to eq. (4).
However, for radio ‘frequencies ω ≤ ω0 the lpm effect is opera-
tional, at least in some region of z. This effect strongly suppresses 
the emission of the low energy photons from that region. We want 
to account for this suppression using the following technical trick. 
We separate the integral entering (4) into two regions, the high 
density region, and the low density region correspondingly:
∞∫
0
dz
dQ
dω
=
zmin∫
0
dz
dQ
dω
+
∞∫
zmin
dz
dQ
dω
. (7)
Within the high density region z ≤ zmin(ω) the coherence condi-
tion (5) is not satisﬁed and the production of low energy photons 
is strongly lpm suppressed. Conversely, for z ≥ zmin the coherence 
condition is satisﬁed and photon production proceeds essentially 
as in vacuum. For our estimate it is suﬃcient to disregard the 
emission of the low energy photons from the high density region 
and focus on emission from z ≥ zmin . In other words, the region of 
integration in our computation of the spectral surface emissivity 
(4) becomes frequency dependent,
dF
dω
(ω)  1
2
∞∫
zmin
dz
dQ
dω
(ω, z) for ω ≤ ω0, (8)
where zmin depends on ω according to (6). Formula (8) is identi-
cal to our original formulation (expression 4) for high frequency 
photons while at low frequencies an ever smaller fraction of the 
electrosphere contributes to the surface emissivity. The z integra-
tion in expression (8) can be easily computed as the density proﬁle 
has a simple analytical expression as a function of z in the Boltz-
man regime (3). The resulting suppression factor (ω) ≤ 1 for 
ω ≤ ω0 is convenient to represent as follows:
(ω) =
(
z¯
zmin + z¯
)3

( ω
α2T
) 9
2

(
ω
ω0
) 9
2
(
T0
T
) 9
2
, (9)
where ω0  10−4 eV for T0  1 eV. In deriving (9) we used the 
fact that the integral entering (8) with density proﬁle (3) leads to 
the cubic dependence on cutoff as shown in (9). The corresponding 
density cutoff is further expressed in terms of frequency of emis-
sion ω according to (6).
The combination of the spectrum given in equation (4) and the
lpm suppression factor of equation (9) allow us to describe the 
thermal spectrum of the nuggets from the eV scale down to radio 
K. Lawson, A.R. Zhitnitsky / Physics Letters B 757 (2016) 376–382 379Fig. 1. The spectrum of quark nuggets across the tens of GHz range for nugget tem-
peratures of TN = 0.5 eV (red) and TN = 1 eV (green). Also shown is the power law 
spectrum reported by Planck with T ∼ ν−2.55 continued to the low energy region 
with the same spectral index. All spectra are normalized at ν = 30 GHz, as such 
their magnitude is arbitrary. (For interpretation of the references to colour in this 
ﬁgure legend, the reader is referred to the web version of this article.)
frequencies. This spectrum is plotted in Fig. 1 showing its similar-
ity to the reported haze spectrum in the tens of GHz range as well 
as the low energy cutoff.
One should remark here that our treatment of the low fre-
quency part of the spectrum at ω ≤ ω0 is equivalent to very sharp 
“removal” of the corresponding emission from the high density re-
gion with z ≤ zmin(ω). In Fig. 1 this corresponds to almost “cusp”
like behaviour of the spectrum. In reality the lpm suppression be-
comes operational in the extended region of z  zmin with the 
typical width z  z¯ according to eq. (9). The cusp in Fig. 1 will 
be smoothed out by this modiﬁcation. However, the basic quali-
tative behaviour is unaffected by this smoothing and remains the 
same as plotted in Fig. 1. A precise treatment of this transition 
region where the lpm effect becomes operational is a technically 
challenging problem. Fortunately, for our purposes we do not need 
the precise form of this transition region. Therefore, we will use 
our rough estimates in their present form for the following anal-
ysis and they are suﬃcient to show that radio wave emission is 
strongly suppressed by this mechanism, while emission at CMB 
frequencies with ω ≥ ω0 remain essentially untouched by lpm sup-
pression.
For the sake of completeness we will also brieﬂy enumerate 
some other potential corrections to the low energy tail of the 
thermal spectrum derived in [17]. These features are of secondary 
importance to the lpm suppression discussed above.
1. The mean-ﬁeld approximation used in deriving expression (3)
is not valid for extremely large z, where exponential rather than 
power-law decay is expected. We could accommodate the corre-
sponding feature by introducing a cutoff at some suﬃciently large 
z = zmax on the order the radius of the nugget R ∼ 10−5 cm. The 
result, however, is not sensitive to this cutoff, so we use zmax = ∞
in our formula (4). This cutoff at very large z = zmax does not af-
fect our expression for the suppression factor (9) because at large 
zmax the positron density is already small enough to contribute lit-
tle to the overall emissivity.
2. The derivation of the electrosphere emissivity assumed that 
we are working in inﬁnite matter. However, the nuggets have a 
ﬁnite extent on the order of R ≥ 10−5 cm. In principle, ﬁnite-
size effects may change the positron scattering cross-section, and 
therefore, the thermal emissivity. To account for ﬁnite-size effects, 
one should use a basis of states bound to the quark core rather than standard plane wave states. To estimate the size of the ﬁ-
nite size corrections, one can imagine conﬁning the positrons to a 
box of extent R . The electromagnetic ﬁeld may still be quantized 
as in free-space with states of arbitrarily large size because the 
emitted photons are not bound to the core, and are not in ther-
modynamic equilibrium with the positrons. Their mean-free-path 
is much larger than R , so the low-energy photons produced by the 
mechanism described above will simply leave the system before 
they have a chance to interact with other positrons. Modiﬁcations 
to the positron states occur for momenta of the scale δp ∼ nh¯R with 
n being an integer number describing the typical excitation level. 
If R ≥ 10−5 cm, then this corresponds to shifts in the energies of 
δE ∼ (δp)2/2m ∼ 10−6 eV  10−4 eV, which is much smaller than 
the transitions responsible for the emission at microwave frequen-
cies. One could naively think that this energy shift could affect 
emission at radio frequencies ω ∼ 10−6 eV, which is the main sub-
ject of the present work. However, this is not the case because the 
typical positron energy scale is determined by the nugget temper-
ature Tn ∼ 1 eV corresponding to very large excitation numbers 
n 	 1 for the positrons responsible for emission.
3. Another factor which may potentially affect the low energy 
emission from the nuggets is the generation of the plasma fre-
quency ω2p = 4παnm in the electrosphere. The plasma frequency 
can be thought as an effective mass for the photon: only photons 
with energy larger than this mass can propagate within the sys-
tem and eventually escape the nugget. Photons with ω < ωp are 
“off-shell” or “virtual”: these can only propagate for a short pe-
riod of time/distance ∼ ω−1p before they decay (are absorbed). This 
effect, similar to the lpm effect, also suppress the low energy emis-
sion. However, the physics of generating the plasma frequency are 
different from those involved in the lpm effect discussed above. 
The observable manifestations of this phenomenon are also differ-
ent from the lpm effect—the low energy photons, once produced, 
can not propagate in an environment with non-vanishing ωp . This 
should be contrasted with lpm effect in which low energy photons 
cannot be even formed.
The plasma frequency in the outer regions of the electrosphere 
is on the order of ωp ∼ 1 eV or less. Although radio photons would 
be reabsorbed in inﬁnite matter, this reabsorption happens on a 
length scale of ω−1p which is larger than the characteristic length 
scale of the electrosphere. Therefore, many of these photons will 
have left the nugget before being reabsorbed. As such this effect is 
mainly important in deeper regions of the electrosphere where the 
density and thus plasma frequency is larger.
With the thermal emission spectrum of equation (4) and our 
more careful treatment of the low frequency behaviour (particu-
larly the importance of the lpm cutoff) we are now in a position to 
consider the potential for radio band observations to search for the 
presence of quark nugget populations within our own or nearby 
galaxies.
5. Radio band intensity calculations
The emission spectrum of a quark nugget within a given envi-
ronment is determined by its temperature. In the case of an an-
tiquark nugget the primary heating mechanism is the annihilation 
of visible matter within the nugget1. Within the galactic interstel-
lar medium (ism) the ﬂux of matter onto the nuggets is simply the 
product of the local visible matter density and the mean velocity. 
The total heating rate of the nugget is then given by
1 Nuggets composed of quarks rather than antiquarks will experience purely col-
lisional heating and will be at a much lower temperature. Consequently we may 
safely neglect their impact on the galactic spectrum.
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dt
= ρvisv fTσN (10)
where f T is the fraction of colliding mass which annihilates and 
thermalizes within the nugget and σN is the nugget cross-section. 
Equating this heating rate with the rate of thermal emission from 
equation (4) gives the nuggets’ radiating temperature in a given 
environment:
TN = 0.5 eV
[
ρvis
10 GeV/cm3
v
200 km/s
f T
]4/17
. (11)
This temperature ﬁxes the emission spectrum of an individual 
nugget. Using eq. (4) the corresponding spectrum can be written 
in the form,
dE
dt dω
= ρvisvσN fT
60T
(
1+ h¯ω
T
)
e−h¯ω/T h
(
h¯ω
T
)
. (12)
The volume emissivity of the ism due to the presence of quark 
nugget dark matter is then given by scaling the individual nugget 
spectrum by the number density of nuggets,
N ≡ dE
dω dt dV
= ρDM
MN
dE
dω dt
= ρvisvσNρDM fT
90MNT
(
1+ h¯ω
T
)
e−h¯ω/T h
(
h¯ω
T
)
(13)
where MN is the average quark nugget mass and we have included 
a factor of 2/3 to account for the fact that only the antiquark 
nugget component of the dark matter will contribute to the ra-
dio band spectrum. As established in the low frequency treatment 
of the previous section expression (13) must be multiplied by the 
suppression factor (9) for frequencies below ω ∼ α2T .
Note that the physical properties of the nuggets entering into 
expression (13) are carried by the cross section to mass ratio 
σN/MN . There is also a dependence on the thermalization coef-
ﬁcient f T both as an overall scaling factor and through the de-
pendence of emissivity on the radiating temperature (from equa-
tion 11) however the value of f T is expected to fall in the range 
1 > f T > 1/2 so this factor contributes only marginally when com-
pared to the much larger allowed range of σN/MN . Note that 
σN ∼ B2/3 while MN ∼ B so that the cross section to mass ratio 
scales with the nugget baryon number as B−1/3. As already men-
tioned in the Introduction this small geometrical factor replaces 
the weakness of the visible-dark matter interaction in conventional 
WIMP paradigm.
5.1. Matter distributions
The emissivity given in equation (13) allows us to determine 
the thermal emission from a population of quark nuggets provided 
we know the distribution of matter and dark matter. We will adopt 
the standard Navarro–Frenk–White (nfw) proﬁle,
ρNFW (r) = ρs
( rs
r
)(
1+ r
rs
)−2
(14)
so that the dark matter proﬁle of a given galaxy may be described 
by the scale radius (rs) and the characteristic density (ρs). For ex-
ample the dark matter halo of the Milky Way is generally taken 
to have rs ≈ 22 kpc and ρs ≈ 0.5 GeV/cm3. The visible matter dis-
tribution is generally more complicated and, for present purposes, 
we will attempt to capture only its basic properties. Of primary 
importance in the context of dark matter interactions is the cen-
tral, spherically symmetric, galactic bulge. We will model the bulge 
with a simple exponential,ρB(r) = ρ0e−r/r0 (15)
with central density ρ0 and scale length r0. For a Milky Way like 
galaxy we expect r0 ≈ 3 kpc and ρ0 ≈ 100 GeV/cm3. Additionally
we will include a disk component for the visible matter,
ρd(h) = ρde−h/H0 (16)
where h is the height above the galactic plane, ρd is the in plane 
density and H0 is the disk scale height. For a Milky Way like spiral 
we may estimate the central disk density as ρd ≈ 1 GeV/cm3 and 
a disk scale height of H0 ≈ 0.5 kpc. The disk distribution will be 
cut off at a maximum distance dmax from the galactic centre.
The ﬁnal property of the galactic matter distribution we need 
is the average velocity. While some galactic matter has been sig-
niﬁcantly accelerated the majority carries a velocity on the order 
of the galactic rotation speed. As such we will consider the av-
erage velocity of the matter populations to be on the order of 
v ∼ 200 km/s.
5.2. Milky Way
The ﬂux received from the quark nugget population within our 
galaxy may be determined by the integral of the emissivity given 
in expression (13) along a given line of sight. We are particularly 
interested in the intensity received from the direction of the galac-
tic centre where both the dark and visible matter distributions are 
strongly peaked. For simplicity we here consider ignore the visi-
ble matter in the disk and focus on the bulge component which 
strongly dominates along lines of sight through the galactic centre. 
This introduces a rotational symmetry and somewhat simpliﬁes 
the integration procedure. In this case the ﬂux received from a line 
of sight through the galactic centre is given by
 =
∫
dV
4πr2
(rg), (17)
where r is the distance from earth and rg is total distance from 
the galactic centre. Exploiting the rotational symmetry of the prob-
lem this may be simpliﬁed to give
 =
∞∫
0
dr
hmax∫
0
hdh
h2 + r2 (rg) (18)
where r is radial distance from earth along the galactic plane and h
is height above the plane. Thus rg ≡
√
(R − r)2 + h2 where R is 
the earth’s distance from the galactic centre. The maximum height 
(hmax) appearing in equation (18) is determined by the solid angle 
observed with hmax = r tanφ where φ is the angular resolution of 
the observation. Performing the integration in equation (18) with 
an assumed ∼ 10′ resolution to match the Planck data produces 
the spectrum shown in Fig. 2. As can be seen in that plot nuggets 
with a baryon number of B ≈ 1025 would saturate the observed 
haze signal from the inner galaxy. This establishes a lower limit 
on the nugget size based on the Planck data. Note that the LPM
cutoff discussed in section 4 does not play a role at the frequencies 
observed by Planck, though it is shown at low frequencies in Fig. 2.
It should be made clear that quark nugget dark matter, while it 
can reproduce the spectrum shown in Fig. 2 with B ∼ 1025 nev-
ertheless cannot explain all the other observed features of the 
haze and, as such, producing the full observed ﬂux observed at 
the galactic centre represents an upper limit of the nugget con-
tribution. Thermal emission from the nuggets necessarily tracks 
the matter density and cannot explain the haze emission at large 
galactic latitudes, the quark nugget spectrum will also fail to pro-
duce a hard edge to the haze emission as is observed at large 
K. Lawson, A.R. Zhitnitsky / Physics Letters B 757 (2016) 376–382 381Fig. 2. The spectrum of quark nuggets across the tens of GHz frequencies observed 
by WMAP and Planck. The haze spectrum as reported by Planck is plotted in black, 
continued to the low energy region with the same spectral index T ∼ ν−2.55. The 
spectra for a quark nugget population with B ∼ 1025 is plotted in blue and that of 
a population with B ∼ 1026 is shown in red. The nugget contribution that from the 
B ∼ 1025 population would saturate the haze emission from the galactic centre and, 
as such, any mean baryon number below this value is effectively ruled out by the 
current Planck data. See text for more speciﬁc discussion of limits. (For interpreta-
tion of the references to colour in this ﬁgure legend, the reader is referred to the 
web version of this article.)
latitudes. Furthermore the emission from the nuggets will be com-
pletely unpolarized, so the polarized component observed to trace 
the edges of the haze emission must be produced by other astro-
physical mechanisms. Our proposal here is that emission from the 
quark nuggets will provide additional contribution to the total haze 
emission at low latitudes and, from this picture, to extract limits 
on the allowed parameter space of quark nugget dark matter.
5.3. Nearby Milky Way like galaxies
Finally we turn to emission from nearby spiral galaxies with 
matter distributions believed to be similar to that of our own 
galaxy. In this case we will determine the total radio band emis-
sion from a galaxy. This is done by integrating emissivity (equation 
13) including the suppression factor (9) over the entire matter dis-
tribution (this time including the disk contribution which may be 
signiﬁcant in this case as an extended faint disk can make a rel-
atively large contribution to total emission.) Once we have estab-
lished the total emission from a spiral galaxy the ﬂux as observed 
on earth may be obtained from the inverse square law. Thus,
 = 1
4πd2
∫
d3r (r) (19)
where, d is the distance to the galaxy. Taking the lower bound ob-
tained from the Milky Way observations discussed in section 5.2
we may extrapolate the observational consequences for nearby 
Milky Way like galaxies. For simplicity consider a test galaxy with 
physical parameters identical to those used in our discussion of the 
Milky Way in section 5.2. We may then translate the total inten-
sity in the radio band to a simple distance ﬂux relationship. The 
results of this process, assuming a mean nugget size of B ∼ 1025
which would saturate the galactic haze, are shown in Fig. 3. As can 
be seen the strong suppression of radio band emission results in a 
galactic radio signal below the observed level in all cases.
This result is in drastic contrast with the studies of [1] which 
claimed that radio observations of nearby spiral galaxies essentially 
rule out any signiﬁcant dark matter contribution to the galactic Fig. 3. Intensity predictions for the quark nugget population of a nearby Milky Way 
like galaxy as a function of distance for a variety of wavelengths. Note that the to-
tally emission at a given distance is strongly suppresses in the radio bands due to 
the LPM effect as discussed in the text. Also shown are a variety of radio obser-
vations as used in [1] to constrain a conventional dark matter contribution to the 
galactic haze. Shown are the predicted nugget ﬂux (solid lines) and the observed 
radio signals from nearby galaxies as reported in [1] (dots) the colours indicate fre-
quency with 1.49 GHz in blue, 2.38 GHz in red, 4.85 GHz in green and 15 GHz in 
black. (For interpretation of the references to colour in this ﬁgure legend, the reader 
is referred to the web version of this article.)
haze. The difference of course results from our speciﬁc dark mat-
ter model in which radio emission is strongly suppressed while 
the emission at CMB frequencies is unaffected by the suppres-
sion effects studied in section 4. The constraints derived in [1], 
remain fully valid for WIMP type dark matter models which are 
not subject to these suppression mechanisms and predict a smooth 
extrapolation between microwave and radio frequencies.
6. Conclusions
It has been demonstrated here that astronomical observation at 
radio frequencies provide only weak constraints on quark nugget 
dark matter. The fundamental reason for this is that thermal emis-
sion from the nuggets is suppressed at low energies by many body 
effects within the outer layers of the nuggets. This effect is speciﬁc 
to compact composite dark matter models and will not be seen 
in more conventional dark matter models which argue for a haze 
produced by the relativistic products of dark matter annihilations 
or decays. Consequently the strong constraints derived in [1] are 
entirely valid for WIMP type dark matter models and the suppres-
sion effect which we discuss here is relevant only in the case of 
quark nugget dark matter.
It should be noted here that we have previously discussed 
isotropic radio emission in the GHz band due to the same quark 
nugget model [20]. Furthermore, we claimed in [20] that the ex-
cess in the isotropic radio background at frequencies below the 
GHz scale measured by the ARCADE 2 experiment can be naturally 
explained by the same dark matter model studied in the present 
work. The difference between our present analysis in the radio 
band and our previous study is that the emission analysed in [20]
originated at higher (unsuppressed) frequencies but at very earlier 
times with z ∼ 103 and has subsequently redshifted into the radio, 
this work deals exclusively with the present epoch and (strongly 
suppressed) radio emission originating in the GHz band.
Across most of the observable parameter space low energy sup-
pression comes into effect below the 10–20 GHz range. As such the 
most useful channels for investigating quark nugget dark matter 
are above this scale. For example, improved Planck observations 
382 K. Lawson, A.R. Zhitnitsky / Physics Letters B 757 (2016) 376–382of the Andromeda galaxy [26] may be able to examine a possi-
ble haze component from the bulge of Andromeda. Ground based 
radio and microwave observations around 20 GHz may also be 
capable of constraining the possible nugget contribution to the 
spectrum of nearby galaxies, however these constraints will be de-
pendent on the exact details of the low energy lpm cutoff.
In conclusion the dark matter proposal advocated in this work 
may explain a number of apparently unrelated puzzles as reviewed 
in section 3. All these puzzles independently suggest the presence 
of some source of excess diffuse radiation in different bands rang-
ing over 13 orders of magnitude in frequency. The new element 
highlighted in this paper is that the same DM model is not strongly 
constrained (and certainly, not ruled out) by the analysis [1]. This 
is in contrast with vast majority of conventional WIMP’s mod-
els in which the low energy spectrum continues from microwave 
frequencies to radio frequencies with similar spectral index and 
whose contribution to the haze signal is strongly constrained by 
[1].
Acknowledgements
We are tankful to Ludo Van Waerbeke who brought our atten-
tion to analysis [1], which eventually initiated these studies. We 
are also thankful to him for discussions, questions and comments. 
This research was supported in part by the Natural Sciences and 
Engineering Research Council of Canada.
References
[1] E. Carlson, D. Hooper, T. Linden, S. Profumo, J. Cosmol. Astropart. Phys. 1307 
(2013) 026, arXiv:1212.5747 [astro-ph.CO].[2] D.P. Finkbeiner, Astrophys. J. 614 (2004) 186, arXiv:astro-ph/0311547.
[3] Planck Collaboration, Astron. Astrophys. 554 (2013) A139.
[4] E. Witten, Phys. Rev. D 30 (1984) 272.
[5] G. Dobler, et al., Astrophys. J. 717 (2010) 825–842.
[6] M. Su, T.R. Slatyer, D.P. Finkbeiner, Astrophys. J. 724 (2010) 1044–1082.
[7] Planck Collaboration, preprint, arXiv:1506.06660, 2015.
[8] G. Dobler, Astrophys. J. 750 (2012) 17.
[9] A.E. Egorov, J.M. Gaskins, E. Pierpaoli, D. Pietrobon, arXiv:1509.05135 [astro-
ph.CO].
[10] A.R. Zhitnitsky, J. Cosmol. Astropart. Phys. 0310 (2003) 010, arXiv:hep-ph/
0202161.
[11] D.H. Oaknin, A. Zhitnitsky, Phys. Rev. D 71 (2005) 023519, arXiv:hep-ph/
0309086.
[12] A. Zhitnitsky, Phys. Rev. D 74 (2006) 043515, arXiv:astro-ph/0603064.
[13] K. Lawson, A.R. Zhitnitsky, Cosmic Frontier Workshop: Snowmass 2013, Menlo 
Park, USA, March 6–8, 2013, arXiv:1305.6318.
[14] D.H. Oaknin, A.R. Zhitnitsky, Phys. Rev. Lett. 94 (2005) 101301, arXiv:hep-ph/
0406146.
[15] A. Zhitnitsky, Phys. Rev. D 76 (2007) 103518, arXiv:astro-ph/0607361.
[16] K. Lawson, A.R. Zhitnitsky, J. Cosmol. Astropart. Phys. 0801 (2008) 022, arXiv:
0704.3064 [astro-ph].
[17] M.M. Forbes, A.R. Zhitnitsky, Phys. Rev. D 78 (2008) 083505, arXiv:0802.3830 
[astro-ph].
[18] M.M. Forbes, K. Lawson, A.R. Zhitnitsky, Phys. Rev. D 82 (2010) 083510, 
arXiv:0910.4541 [astro-ph.GA].
[19] M.M. Forbes, A.R. Zhitnitsky, J. Cosmol. Astropart. Phys. 0801 (2008) 023, 
arXiv:astro-ph/0611506.
[20] K. Lawson, A.R. Zhitnitsky, Phys. Lett. B 724 (2013) 17, arXiv:1210.2400 [astro-
ph.CO].
[21] IceCube Collaboration, Eur. Phys. J. C 74 (2014) 2938.
[22] P.W. Gorham, Phys. Rev. D 86 (2012) 123005, arXiv:1208.3697 [astro-ph.CO].
[23] K. Lawson, Phys. Rev. D 88 (2013) 043519, arXiv:1208.0042 [astro-ph.HE].
[24] L.D. Landau, I. Pomeranchuk, Dokl. Akad. Nauk. Ser. Fiz. 92 (1953) 535;
A.B. Migdal, Dokl. Akad. Nauk SSSR 105 (1955) 77.
[25] P. Jaikumar, C. Gale, D. Page, M. Prakash, Phys. Rev. D 70 (2004) 023004, 
arXiv:astro-ph/0403427.
[26] Planck Collaboration, arXiv:1407.5452, 2014.
